In this study we provide the first evidence of the interaction of a truncated-TRAF2 with lipid raft microdomains. We have analyzed this interaction by measuring the diffusion coefficient of the protein in large and giant unilamellar vesicles (LUVs and GUVs, respectively) obtained both from synthetic lipid mixtures and from natural extracts. Steady-state fluorescence measurements performed with synthetic vesicles indicate that this truncated form of TRAF2 displays a tighter binding to raft-like LUVs with respect to the control (POPC-containing LUVs), and that this process depends on the protein oligomeric state. Generalized Polarization measurements and spectral phasor analysis revealed that truncated-TRAF2 affects the membrane fluidity, especially when vesicles are heated up at physiological temperature. The addition of nanomolar concentration of TRAF2 in GUVs also seems to exert a mechanical action, as demonstrated by the formation of intraluminal vesicles, a process in which ganglioside GM1 plays a crucial role.
Introduction
The TNF receptor-associated factor (TRAF) proteins interact with and transduce signals for members of the TNF receptor superfamily. TRAFs are characterized by an oligomeric structure that plays a fundamental role in the binding process with membrane receptors. To date, six members of the TRAF family have been found and among them TRAF2 is the most ubiquitously expressed and widely studied member. Human TRAF2 is characterized by a highly conserved carboxy-terminal TRAF domain, which can be further subdivided into a TRAF-C domain and a coiled coil region named TRAF-N domain. The carboxy-terminal TRAF domain mediates homo-or hetero-oligomerization among the TRAF family and the interactions with upstream receptors (including TNFR1, TNFR2, CD40 and CD30) and a number of adapters and signaling molecules. The TRAF2 amino-terminal region contains a RING finger and several zinc-finger motifs that appear critical for downstream signaling. In particular, it has been demonstrated that clustering of the amino-terminal effector domains is sufficient for activating MEKK1 and the downstream protein kinases that transduce TNF-α and IL-1 signals [1] .
We have recently demonstrated that a truncated-TRAF2 may also exist as a stable monomer and this population is the predominant species when TRAF2 is in the nanomolar concentration range. Therefore, the monomer-trimer equilibrium can be crucial for regulating the activities of TRAF2 in vivo [2] .
The subcellular localization of TRAF2 in intact cells is another crucial point and, in fact, it has been investigated in detail by several authors. Hostager and colleagues [3] reported that TRAF2 is distributed throughout the cytoplasm of unstimulated mouse B cells (lymphocytes), while CD40 engagement causes a very rapid recruitment of both TRAF2 and CD40 to detergent-insoluble microdomains named membrane rafts [4] [5] [6] . Of note, in addition to the interaction of the carboxy-terminal TRAF domain of TRAF2 to the cytoplasmic domain of CD40 [7] it has been also reported that the zinc-binding regions of TRAF2 may contribute to its recruitment to raft microdomains likely interacting with membrane raft-associated molecules.
The TRAF2 translocation is crucial for its activation and for downstream signaling events and is heavily regulated by ubiquitin signals [8] [9] . Habelhah and coworkers [10] demonstrated that TNFα-induced ubiquitination of TRAF2, by the ubiquitin-conjugating enzyme Ubc13, resulted in its translocation to the insoluble membrane/cytoskeletal fraction [10] and this also coincided with the TRAF2 ability to induce activation of c-Jun N-terminal kinase (JNK), but neither p38 nor NF-kB were affected by the extent of TRAF2 ubiquitination.
Moreover, several evidences prove a relation between TRAF2 signaling and the ER compartment: TRAF2 is not only an indispensable mediator in the activation of JNK by TNF-α [11] but is also a key player of ER stress-induced JNK activation [12] .
Finally, TRAF2 may reside in the nucleus and directly regulate transcription, independently of its role in cytoplasmic signal transduction. TRAF2 has been recently reported to be localized in the nuclear compartment of hESC cells, and its interaction with nuclear CD30v, a variant of CD30 receptor, has been suggested to drive NF-κB activation [13] . There is indeed further evidence that TRAF2 can enter the nucleus and interact with specific gene promoters [14] .
Therefore, several lines of evidence suggest that targeting TRAF2 to specific compartments may be the major determinant in the TRAF2 ability to activate distinct downstream signaling cascades. Lipid raft microdomains are known to play a major role in various aspects of intracellular trafficking and signal transduction and play also a crucial role in the TRAF2 compartmentalization. However, little is known about the molecular details of TRAF2 interaction with these regions; in particular it is not completely clear whether TRAF2 binding requires its trimerization and interaction with the activated receptor or if TRAF2 may directly bind to lipid rafts in the oligomeric or monomeric form.
In the present study we analyzed in detail the interaction of the Cterminal domain (residues 310-501) of TRAF2 with lipid raft microdomains by using fluorescence spectroscopy and two-photon fluorescence microscopy. For this purpose, large and giant unilamellar vesicles (LUVs and GUVs, respectively) generated from different lipid mixtures have been used as a model system mimicking lipid raft rich membranes. In particular we employed three kinds of synthetic vesicles of increasing complexity and POPC-liposomes for control experiments. POPC, being particularly abundant in animal cell membranes, has been previously used as a major component to study the L d phase in model membranes. Indeed, an exam of the T-P phase diagram of different phospholipid bilayer systems [15] and the analysis of ternary mixtures phase diagrams [16] revealed that POPC vesicles at P = 1 atm and T = 25°C are in a single fluid phase, thus representing the simplest model of liquiddisordered bilayers. A more complex model membrane used in this study is based on the ternary mixture DOPC/sphingomyelin/cholesterol (1/1/1), which provides vesicles in which liquid-ordered and liquiddisordered phases coexist [17] . Such a system mimics raft-containing membranes and therefore has been extensively studied and characterized in the past with several techniques, ranging from fluorescence spectroscopy [18] , to atomic force microscopy [19] . Finally, we have also used ex-vivo reconstituted GUVs, namely model bilayers, obtained from the natural lipids present in brush border membranes (BBMs) that are considered a rich source of putative rafts [20] . Our experiments prove that TRAF2, mainly in the monomeric form, is able to directly bind to raft-containing GUVs, affecting the fluidity of the bilayer. Moreover, our study reveals a peculiar property of TRAF2: the presence of this protein causes an increase in the number of intra-luminar vesicles, suggesting that it might exert a mechanical action on the membrane.
Materials and methods

Chemicals
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), cholesterol, brain sphingomyelin, and ovine ganglioside GM1 (GM1) were purchased from Avanti Polar Lipids (Birmingham, AL). Alexa Fluor 488 labeling kit, 6-lauroyl,1-2-dimethylamino naphthalene (Laurdan) and CellMask Orange were purchased from Invitrogen (Carlsbad, CA).
Expression and purification of TRAF2
E. coli BL21 (DE3) cells were transformed with the His-tagged human TRAF2 C-terminal domain (residues 310-501) construct and grown in Luria broth medium containing 30 μg/ml kanamicin sulfate. Expression of TRAF2 was induced by the addition of 1 mM isopropyl-1-thio-β galactopyranoside. After 18 h at 25°C, cells were harvested, resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM DTT and EDTA-free inhibitor of protease) and sonicated. The cellular extract was loaded on a 10 ml Ni-NTA column pre-equilibrated with lysis buffer and the protein was eluted using a linear gradient consisting of 50 ml of lysis buffer and 50 ml of the same buffer containing 500 mM imidazole. Imidazole was then removed from the TRAF2 sample by filtration through a Sephadex G25 column (GE Healthcare Life Science, Chalfont St. Giles, UK) preequilibrated with the Kinase Buffer (KB, 20 mM Tris-HCl pH 7.6 containing 150 mM NaCl and 10% glycerol). The TRAF2 content and its purity were analyzed in the eluted fractions by SDS-PAGE. Protein concentration was determined by measuring the absorbance at 280 nm and using an extinction coefficient of 17,780 M − 1 cm − 1 for TRAF2 monomers. Proteins were stored at − 80°C. The final protein concentration for LUV and GUV experiments was in the range 0.5-10 μM and 15-30 nM, respectively.
Lipid extraction from brush border membranes
Brush border membranes (BBMs) were provided by Prof. Moshe Levi, University of Colorado, Denver. Briefly BBMs from kidney superficial cortex (SC), kidney juxtamedullary cortex (JMC), intestinal duodenum (ID), and intestinal jejunum (IJ) of adult rats were isolated and purified by the differential centrifugation and magnesium precipitation gradient method [21] [22] . Total lipids were extracted from BBMs by the method of Bligh and Dyer [21, 23] .
Preparation of LUVs and GUVs
LUVs were prepared as previously described [24] and laurdan incorporated before vesicle formation (final lipid concentration 1 mM; final laurdan concentration 50 μM). GUVs were prepared by the electroformation method developed by Angelova and Dimitrov [25] [26] in a special Teflon temperature-controlled chamber, designed by Bagatolli and Gratton [27] .
Five microliters of lipid stock solution (0.3 mg/ml in chloroform for synthetic mixtures) were spread on each of the two platinum wires. After waiting for 15 min (30 min for BBMs), to let the solvent's residues evaporate, 800 μl of 200 mM sucrose solution were added. Both the chamber and the solution were pre-warmed up to 10°above the highest phase transition temperature for the given lipid mixture. Therefore, different temperatures were utilized: room temperature for POPC, 60°C for lipid raft mixture, while for all the BBMs, temperature was set at 42°C. Platinum wires were then connected to a wave generator and a sinusoidal wave was applied. Briefly we used two different steps in the electroformation procedure. The first step, which lasts 30 min, corresponds to an increase of the field amplitude E, at fixed frequency f, up to its maximum value E max ; during the second step (30 min) electric field parameters (E = E max and f) were kept constant [28] .
For scanning fluorescence correlation spectroscopy (sFCS) and imaging, GUVs were stained using CellMask Orange: stock solution of probe was diluted 100 fold and 2 μl of the working solution was added to the sucrose solution. Measurements were performed after 15 min to let the probe insert into the membrane.
For Generalized Polarization (GP) measurements the Laurdan labeling procedure was done adding 10 μl of a 1 mM Laurdan solution in dimethylsulfoxide before the vesicle formation.
Linear scanning FCS measurement and imaging
Confocal images and linear sFCS were performed on an Olympus Fluoview 1000 microscope (Olympus, Tokyo, Japan) equipped with an Olympus UplanSApo 60× (1.20 NA) water objective. Excitation was from the 488 nm laser line of a 40 mW Arion laser (Melles-Griot, Carlsbad, CA). Fluorescence emission was split by a dichroic mirror at 560 nm and detected in the 505-525 nm (AlexaFluor 488) and 575-675 nm (CellMask Orange) spectral ranges. Correlation curves have been fitted using a 3D-Gaussian intensity profile distribution.
Images of 256 × 256 pixels were collected and 100 frames were recorded. For sFCS the excitation laser beam was rapidly directed in a uniform linear scan across GUV membranes [29] . The line was 128 pixels long and the zoom was 24 ×. A pixel dwell time of 8 μs/pixel was set for both imaging and sFCS. Data were collected through the Olympus Fluoview 1000 software and analyzed with SimFCS (a routine developed at the LFD) [19] .
Steady-state fluorescence measurements
The decrease in the steady-state TRAF2 intrinsic fluorescence, due to the energy transfer effect upon TRAF2 binding to laurdan-containing LUVs, was measured on a K2-ISS spectrofluorometer (ISS, Champaign, IL, USA). Measurements were carried on at two fixed TRAF2 concentrations, upon excitation at 275 nm, increasing the amount of vesicles in the solution. Each spectrum was corrected by the dilution factor and by inner filter effects and the total intrinsic fluorescence intensity, F L , obtained evaluating the spectral area in the range 295-400 nm. Then, the change of the emission intensity, ΔF = F L − F 0 (being F 0 the initial fluorescene in the absence of liposomes) was plotted as a function of lipid concentration [L] , and fitted according to:
where ΔF max and [L] 1/2 are the asymptotic change in fluorescence (at infinite lipid concentration) and the lipid concentration at which ΔF = 1/2 ΔF max , respectively [30] .
Generalized Polarization measurements
The acquisition of fluorescence spectra images of GUVs was performed on a Zeiss LSM 710 microscope (Carl Zeiss, Jena, Germany) using a 40× water immersion objective, 1.2 N.A. (Carl Zeiss, Oberkochen, Germany). For the 2-photon excitation laser source, a titanium:sapphire MaiTai laser (Spectra-Physics, Mountain View, CA) was used with excitation at 780 nm. Image scan speed was 177.32 μs/ pixel and image size is 256 × 256 pixels. 32 spectra were collected in the 416-727 nm range (each spectrum had a width of 9.7 nm). To evaluate the Generalized Polarization of the images acquired, we considered spectra from 1 to 6 for the blue region and from 7 to 15 for the green region. GP function is a ratiometric approach, which takes into account the difference between the fluorescence intensity at two different wavelengths, divided by their sum:
However, since GP values obtained from the GP images strongly depend on instrumental parameters, such as filter settings and gain used in the microscope, the system was calibrated with a correcting factor G [31] . The measurement of the factor G was performed by acquiring images of a Laurdan reference solution (100 μM in dimethylsulfoxide), with a known GP, using the same instrumental conditions as in the membrane experiments. Therefore, the GP equation used to calculate the GP images becomes:
Blue Green
Statistical analysis
Statistical analysis was performed by the nonparametric Mann-Whitney U test, analyzing experimental data by means of the Prism 5 program (GraphPAD Software for Science, San Diego, CA, USA). Unless otherwise specified, the data reported in Table 1 and in the figures are the mean ( ± S.D.) of at least three independent determinations.
The results were considered to be statistically significant at P < 0.05.
Results
Diffusion coefficient measurements using linear sFCS
In order to investigate whether TRAF2 interacts directly with membranes, the Alexa-labeled protein was monitored by fluorescence microscopy, in the presence of POPC-GUVs (Fig. 1) . Then, sFCS across the GUV lipid bilayer was performed. This approach allows for a straightforward detection of spatial-temporal interactions between the protein and the membrane, based on the diffusion rate of the protein [29] . In the sFCS the laser beam is repetitively and rapidly directed in a uniform linear scan across the GUV's membrane. Thus, an output "carpet" of timed fluorescence intensity fluctuations, at specific points along the scan, is recorded and a typical result is reported in Fig. 2 . Briefly, on the left side (Fig. 2a, channel-1 ) the carpet obtained in the "spectral window" of the Alexa Fluor 488 is shown, while in a parallel acquisition (Fig. 2b, channel-2 ) the signal of the CellMask Orange (a membrane marker) was recorded as a control. In these plots each vertical column of the carpet represents the fluctuation in time of the fluorescence signal observed in a specific position in space [29] . Thus, a set of autocorrelation curves can be extracted, the typical trend being reported in Fig. 2c . A fit of each autocorrelation curve under different experimental conditions yields the average diffusion coefficient of the labeled particle traveling through the lipid bilayer. This approach has been repeated using different model vesicles and the diffusion coefficient of TRAF2 obtained in each case (averaging a minimum of 4-5 trials) is shown in Fig. 3 . As a control, experiments were performed using POPC vesicles to test the binding of TRAF2 to fluid membranes [32] . The diffusion coefficient obtained in this case was D POPC = (0.8 ± 0.2) μm 2 /s, compatible with the diffusion values of proteins in membranes reported in literature [33] . When raft-containing GUVs were taken into account, the average diffusion coefficient of ALEXAlabeled TRAF2 decreased to D RAFT = (0. A. Ceccarelli et al.
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Recently, it has been demonstrated that gangliosides such as GM1 can modulate the order/disorder phase in synthetic membranes [34] . Since this glycosphingolipid is known to co-localize indirectly with TRAF2 in natural membranes, via the TNF-receptor [35] , we also characterized the diffusion of TRAF2 in POPC-GUVs containing 1% of GM1. The result obtained demonstrates that the diffusion coefficient (0.4 ± 0.1 μm 2 /s) is indeed of the same order as that found in the raftcontaining GUVs, suggesting that a direct interaction with the ganglioside might take place. Very low diffusion rates (in the range 0.2-0.43 μm 2 /s) were also obtained in the presence of GUVs reconstituted from brush border membrane (BBM) vesicles (Fig. 3) . This finding is in line with the high content of lipid rafts expected in these model membranes [36] .
TRAF2 binding to synthetic vesicles
The binding of TRAF2 to lipid bilayers has been characterized measuring the fluorescence energy transfer effect from the protein tryptophans to laurdan-containing LUVs of different compositions. The main parameters obtained fitting the data ([L] 1/2 and ΔF max , see Materials and methods) are reported in Table 1 . The results indicate that the protein preferentially binds to complex vesicles rather than simple POPC liposomes, the lowest [L] 1/2 value being obtained in the case of LUVs made composed of a ternary lipid mixture. A second important finding concerns the dependence on the TRAF2 concentration: both [L] 1/2 and ΔF max /F 0 values suggest that a more efficient binding process takes place when the protein is more diluted. According to the TRAF2 dissociation constant [2] , the decrease of protein concentration from 8.5 to 0.7 μM, leads to an increase in the fraction of monomers (from 5% to 20% respectively) with respect to the trimers, thus suggesting that the dissociated subunits display an enhanced propensity to bind membranes.
Another important feature of the interaction between TRAF2 and lipid bilayers has been observed performing measurements on laurdancontaining vesicles. Laurdan is a fluorescent probe [7] sensitive to the polarity of the surrounding environment, being therefore particularly suitable to study membrane packing and lipid order [37] . Laurdan spectral shifts are essentially due to the re-orientation of water molecules along the probe excited state dipole [37] , a process that depends only on the phase state of the lipid bilayer. In particular, in the liquid-crystalline phase the readjustment of water molecules determines the red shift of the emission spectrum, while gel phase phospholipid bilayers do not exhibit any changes in the emission. Such changes can be quantified using the GP function (see Materials and methods) that can discriminate the gel and the liquid-crystalline phases of the membrane [38] , the highest GP values corresponding to the most ordered lipid bilayer states.
In this study we performed measurements of Laurdan-containing LUVs and GUVs both at room temperature (25°C) and at physiological temperature (37°C), before and after the addition of non-labeled TRAF2. The results, reported in Table 1 and Fig. 4 , demonstrate that in some cases (ID and IJ derived GUVs) the GP value was higher at room temperature than at physiological temperature. This finding was expected, since there is a direct relationship between temperature and membrane fluidity.
Interestingly, in the case of brush border membranes derived from JMC and in synthetic vesicles simulating raft-containing lipid bilayers, an opposite trend was observed (Fig. 4) . This behavior is characteristic of high cholesterol content, whose peculiar properties might in principle explain such "anomalous" dependence on temperature. In fact the cholesterol steroid ring is closely attracted to part of the fatty acid chain of the nearest-neighbor phospholipid, probably hindering the solidification at low (room) temperature [39] . In contrast, at physiological temperature, cholesterol promotes the immobilization of the outer surface of the membrane, which becomes less permeable to small solutes that generally diffuse through the lipid bilayer [39] .
When unlabeled TRAF2 was added to fluid synthetic membranes (POPC-GUVs), the GP value increased at both temperatures, providing evidence of a direct action of TRAF2 in affecting the fluidity of the bilayer (Fig. 4) . The GP value was also higher in the presence of the protein in the case of SC-BBM, ID-BBM and IJ-BBM. In contrast, a much larger and opposite effect was observed at 37°C, both in the case of raftand GM1-containing GUVs and in JMC-BBM. Further studies are needed to explain these results.
Spectral phasor analysis
The GP characterization of membrane fluidity is based on the sample fluorescence intensity at two different wavelengths. However, each pixel of an image intrinsically contains much more spectral information that can be used to separate ordered from disordered lipid phases. This task can be easily achieved performing a spectral phasor analysis (SPA), in which the main features of the spectrum collected at each point of the image (center of mass and width) are summarized in a "phasor plot" [40] . It has been found that synthetic lipids containing two phases display almost linear phasor plots, each pixel being the result of a linear combination of the two spectral components. In the case of natural membranes the complexity of the system increases, due to the presence of multiple kinds of interactions within the lipid bilayer, and the pattern of the phasor diagram might assume a non-linear shape [41] . The effects of TRAF2 on membrane fluidity have been therefore characterized using this approach. In particular, images of different Laurdan-containing model membranes are reported in a false color representation, at 25°C, in Fig. 5 . The color code has been obtained as follows. In the right side (panels B, E, H, M), the corresponding polar phasor plot has been divided in seven areas represented by non-overlapped colored circles of equal size. Each point falling within a determined circle corresponds to a pixel of the image having those specific spectral features (center of mass and width) collected in the images on the left. Thus, pixels with the same color correspond to points falling in the same colored ring of the phasor plot. According to this representation, red circles in the phasor plot (or red pixel in the images) correspond to Laurdan molecules emitting in the long wavelength range (diagnostic of a liquid-disordered phase), while purple rings (and pixels) represent bluer-emitting probes (indicating the presence of lateral ordered lipids). This feature is particularly evident in control measurements that parallel the results found in the GP analysis (Fig. 4) . In fact, while simple, disordered GUVs (POPC) appears in orange, GM1-containing GUVs are red colored, indicating an increased disorder degree, in line with the results of GP analysis (Fig. 4) . In contrast to simple GUVs, synthetic raft-like membranes are characterized by blue-colored pixels, suggesting the presence of more organized lipid bilayers. On the other hand, the colors of GUVs obtained from BBMs span from mostly green (SC) to purple (ID), such heterogeneity arising from the different kind of tissues of origin. Indeed, membranes with a high GP value such as ID-GUVs (Fig. 4) are also characterized by a small angular position in the phasor plot, falling therefore in the purple ring (Fig. 5A) , indicating a particularly ordered lipid bilayer.
The addition of unlabeled TRAF2 (25 nM) produced different effects, depending on the type of membrane. For instance, in the case of ID and SC GUVs, the color code adopted suggests that protein binding induced a stiffening of the lipid bilayer, both at 25°C and at 37°C. This is particularly evident for the ID sample in which some of the pixels colored in purple turned to pink, populating a more "ordered" area of the phasor plot (Fig. 5A, B, right) . Another striking feature of TRAF2 binding to BBMs extracted from intestinal duodenum is the conversion of a very fluid portion of the membrane (represented by a yellow spot) in a more rigid environment, as suggested by the blue-shift of the image pixels, at both temperatures.
As already observed in the GP analysis (Fig. 4) , an opposite trend characterized the presence of TRAF2 in JMC and raft-like GUVs. In particular, in these cases the pixel density in the phasor plot decreased in the smaller wavelength range of Laurdan emission (blue ring area), shifting to larger ones (green and yellow ring areas).
Finally, the effects of TRAF2 binding to IJ GUVs displayed a more complex behavior, being temperature-dependent: a more fluid bilayer is induced at room temperature, while stiffening is achieved at 37°C.
Vesiculation of GUVs after TRAF2 addition
A novel finding of the interaction between TRAF2 and lipid bilayers regards the protein capability of inducing vesiculation. This feature was qualitatively studied monitoring the time-dependent effect of TRAF2 on a model membrane containing artificial lipid rafts. After a few minutes of protein addition in solution, the GUVs exhibited an increase in the number of intra-luminar vesicles, suggesting that the protein might indeed exert a mechanical action on the membrane (Fig. 6 ). Measurements have then been repeated in the case of the other model membranes and the data quantitatively analyzed measuring the vesicle numbers and their average diameter before and after the addition of the protein. For each experiment performed, around sixty GUVs were measured and observed before and after the addition of TRAF2. Control experiments have also been carried on in the presence of KB (see Materials and methods), in order to exclude an osmotic contribution to vesicle formation due to the buffer content of NaCl. Moreover, measurements were repeated before and after the addition of BSA 25 nM, which does not affect the GUV structure in this condition, as previously demonstrated [42] . Indeed, the data reported in Fig. 7 demonstrate that vesiculation occurs in all samples after TRAF2 addition, while BSA does not induce significant modification of the model membranes studied. Interestingly, vesiculation in POPC GUVs dramatically depends on the presence of the glycosphingolipid GM1 (1 mol%), suggesting that in natural membranes it could play a crucial role in driving this 
Incorporation in the vesicles of free dye after addition of TRAF2
A further confirmation of TRAF2-induced vesiculation has been obtained adding the fluorescent dye Alexa-488 (86 μM) to the solution of preformed GUVs, before the injection of TRAF2. In this way, thanks to the dye fluorescence emission, it was possible to monitor the formation of new vesicles within the GUV lumen. Indeed, in Fig. 8B (left panel) the appearance of Alexa-filled small vesicles after TRAF2 addition validates the protein-induced mechanical effects.
Discussion
Lipid rafts are liquid-ordered phase microdomains in membranes. They represent glycosphingolipid-and cholesterol-rich lipid regions, in which lipid acyl chains are tightly packed and highly extended. Such packed arrangement of lipids and the consequent neat phase separation within the bilayer is probably responsible for their insolubility in nonionic detergents. They have been proven to play an important role in many signaling pathways [6] , through different mechanisms. For example they may contain incomplete signaling pathways that are activated after recruiting the requisite components of signaling into the raft itself. In other cases they may limit signaling, either by physical segregation of signaling components to avoid nonspecific interactions, or by modulating the intrinsic activities of proteins located within them. In particular, they are involved in TRAF2 recruiting, which then causes JNK activation and subsequently cell death [43] .
Lipid rafts have been implicated in transport routes of endoplasmic reticulum [44] and several evidences prove a relation between TRAF2 signaling and the ER compartment. In particular, TRAF2 has been reported to mediate in the ER a pathway similar to that initiated by cell surface receptors in response to extracellular signals like TNFα [12, 45] . In the ER lumen, transmembrane and secreted proteins are folded and post-translationally modified, the ER being a major site of passage for proteins directed to other organelles, to the cell surface, and to the extracellular space. Misfolded proteins in the ER activate the unfolded protein response (UPR), a protective cellular response. Moreover, Fig. 6 . Vesicle formation on a raft-like GUV followed in time. The estimated diameter of the GUV is ≈ 30 μm. After the addition of TRAF2, the GUV showed an increase in the number of intraluminar vesicles. Images have been obtained from a movie, at intervals of about 10 s. several viruses bud into the ER-Golgi compartment where mutated viral envelope proteins are retained provoking ER stress and UPR, which are the major determinants of neurovirulence [46] . Stress signals from the ER are transduced by inositol requiring kinase 1 (IRE1). This protein recruits TRAF2 to the ER membrane, leading to the initiation of multiple signaling pathways, such as JNK activation, required for the activation of apoptosis under irreversible ER stress [12] . In this paper we have provided evidence of the interaction between the C-terminal domain of TRAF2 and unilamellar vesicles (LUVs and GUVs) containing artificial lipid rafts. We have shown that the protein, especially in the monomeric form, displays a higher propensity in binding liposomes that resemble the lipid raft composition. This finding supports the hypothesis that the monomer-trimer equilibrium could play a crucial role in regulating the binding of TRAF2 to biological membranes [2] . The time course analysis of the truncated-TRAF2 interaction with these membranes also reveals that the protein exerts a mechanical action on the lipid bilayer, as shown by the rapid increase in the number of intra-luminar vesicles entrapped. In addition, our results show that the ganglioside GM1 strongly favors this process and therefore it might be directly involved in the binding of truncated-TRAF2 to GUVs. In this case, we can speculate that the most flexible region in truncated TRAF2 monomers (i.e. the N-terminal α-domain) [47] might be responsible for the interaction with the ganglioside.
GM1 plays a crucial role in the endocytic uptake into cells of polyoma viruses and some bacterial toxins [48] . Moreover, excessive accumulation of GM1 in lysosomes of mouse neurons has been reported to cause GM1 increase at the ER membrane, which in turn activates the apoptotic pathway [49] . Overall, our data, showing that GM1 synergizes with truncated-TRAF2 to induce vesiculation, may bridge the gap between GM1 accumulation at the ER membrane and activation of the ER stress response.
Indeed, the possibility that a truncated C-terminal form of TRAF2 may exist inside the cells as a result of a partial degradation of TRAF2 cannot be ruled out. In support to this hypothesis is the evidence that recruitment of TRAF2 to the insoluble fraction is often linked to its rapid degradation. Confocal microscopy experiments showed that after TNF-R2 activation, TRAF2 and the E3 ligase c-IAP1 translocate to a Triton X-100 (TX)-insoluble region that is localized in the ER. This compartmentalization plays a key role for TRAF2 ubiquitination and subsequent degradation in a proteasome-dependent manner [50] .
The ubiquitin-proteasome pathway functions not only in the complete degradation of polypeptides, but also in the regulated processing of precursors into active proteins [51] [52] [53] . Therefore, we can hypothesize that a partial degradation TRAF2 may occur in response to ER stress and may play an important role in this process. These unexpected findings may extend our current understanding of the roles and mechanisms of action of TRAF2. In particular, our data might allow hypothesizing a role for a truncated form of TRAF2 in the multivesicular body (MVB) pathway [54] that favors the transport of misfolded and damaged proteins from ER to the sites of their breakdown [55] .
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